b r i e f c o m m u n i c a t i o n s
Here we report the discovery of recurrent mutations concentrated at an ultraviolet signature hotspot in KNSTRN, which encodes a kinetochore protein, in 19% of cutaneous squamous cell carcinomas (SCCs). Cancer-associated KNSTRN mutations, most notably those encoding p.Ser24Phe, disrupt chromatid cohesion in normal cells, occur in SCC precursors, correlate with increased aneuploidy in primary tumors and enhance tumorigenesis in vivo. These findings suggest a role for KNSTRN mutagenesis in SCC development.
Cutaneous SCC is the second most common cancer, with an annual global incidence exceeding 1 million 1 . To identify recurrent genomic aberrations that underlie the development of this malignancy, we used single-nucleotide variant (SNV) determinations from the wholeexome sequencing of 12 SCC-normal pairs (Supplementary Tables 1  and 2 Tables 1-4) . Analysis of mutation type showed that the majority of tumors had a mutational profile characteristic of exposure to ultraviolet (UV) light (Fig. 1a) , consistent with the known association of this cancer with sunlight. The mutation frequencies in TP53, CDKN2A and HRAS-the three genes most studied in this cancer thus farwere consistent with those previously reported, confirming that the sequenced samples were genetically representative of this malignancy ( Fig. 1b and Supplementary Fig. 1 ). The number of mutations found in archived formalin-fixed, paraffin-embedded samples was not statistically different from that detected in fresh samples (P = 0.55) (Fig. 1b) . Previously reported SCC-associated inactivating mutations in TP53 and CDKN2A were identified as well as activating HRAS mutations and frequent disruption of the NOTCH1 and NOTCH2 genes ( Fig. 1b and Supplementary Table 2 ).
Among the recurrently mutated genes in SCC, KNSTRN ranked third behind CDKN2A and TP53 after normalizing for ORF length (Fig. 1b) . KNSTRN encodes a kinetochore-associated protein that modulates anaphase onset and chromosome segregation during mitosis 3 . It is expressed in a broad range of human tissues, including in skin (Supplementary Fig. 2 ). Somatic mutations in KNSTRN were present in 2 of 12 (17%) and 19 of 100 (19%) SCCs analyzed by whole-exome and targeted sequencing, respectively. Over half of these mutations mapped to a 17-amino-acid N-terminal region, with a 'hotspot' serineto-phenylalanine substitution present at codon 24 (p.Ser24Phe) (Fig. 1c and Supplementary Fig. 3 ) that was also detected in the cutaneous SCC cell line SCC-12B.2 (Supplementary Table 4 ). This pattern of clustered somatic missense mutations is characteristic of dominant mutations in oncogenes 4 , although KNSTRN has thus far not been implicated in any published study of human cancer.
Notably, the KNSTRN mutation encoding p.Ser24Phe involves a C>T transition that is characteristic of UV-induced mutagenesis. To determine whether KNSTRN mutagenesis might be an early event in SCC development, we screened 38 additional primary SCCs as well as 27 actinic keratoses, representing the earliest SCC precursor, for the presence of KNSTRN mutation encoding p.Ser24Phe. The mutation was detected in 5 of 27 (19%) and 5 of 38 (13%) actinic keratoses and SCCs, respectively, but was never identified in normal skin (0 of 122), indicating that it arises early in tumorigenesis (Fig. 1d) . We next parsed all publicly available data sets from The Cancer Genome Atlas (TCGA). We identified KNSTRN mutations in 23 of 490 (4.7%) melanomas, another major sunlight-associated cancer, with 15 (65%) mapping to the 17-amino-acid N-terminal region and 10 (44%) specifically inducing the p.Ser24Phe substitution ( Supplementary Fig. 4 and Supplementary Table 5 ). KNSTRN mutations were rare events in the other surveyed cancers, with none displaying mutations resulting in the p.Ser24Phe substitution (Supplementary Fig. 4a ). Thus, recurrent mutation of KNSTRN and, in particular, mutation encoding p.Ser24Phe appear selective for UV-associated malignancies.
Aberrant KNSTRN expression has previously been shown to result in loss of chromatid cohesion in HeLa cells 3, 5 ; however, the effects of mutant kinastrin protein in normal primary cells have not been described. To evaluate whether Ser24Phe kinastrin is functionally relevant in this context, we expressed wild-type or Ser24Phe kinastrin in primary human keratinocytes ( Fig. 2a and Supplementary Fig. 5 ) and assessed chromosome segregation during mitosis. Expression of mutant kinastrin disrupted sister chromatid cohesion, as demonstrated by a subset of cells containing unpaired chromatids in normal cells as well as SCC-13 cells (P = 0.0002) ( Fig. 2b and Supplementary Fig. 6 ). Kinastrin proteins corresponding to four additional cancer-associated KNSTRN mutations (encoding p.Arg11Lys, p.Pro26Ser, p.Pro28Ser and p.Ala40Glu substitutions), including those present in melanoma, similarly disrupted chromosome segregation ( Supplementary Figs. 4b and 7) . These functional data Recurrent point mutations in the kinetochore gene KNSTRN in cutaneous squamous cell carcinoma support a role for cancer-associated KNSTRN mutations in controlling chromosomal stability in normal as well as cancer cells.
We next performed whole-genome copy number analysis on five primary SCCs with the KNSTRN mutation encoding p.Ser24Phe and on five histologically matched SCCs with wild-type KNSTRN to determine whether the observed perturbations in sister chromatid cohesion correlated with tumor aneuploidy. Affymetrix OncoScan arrays were used to interrogate genomic DNA and identify chromosomal gains and losses in each sample (Supplementary Table 6 ). Whereas both groups of tumors were aneuploid, SCCs with the KNSTRN mutation encoding p.Ser24Phe were significantly more so (P = 0.007), with a greater percentage of their genomes affected by copy number aberrations (Fig. 2c) . We further observed that Ser24Phe kinastrin was capable of enhancing aneuploidy in TP53-depleted primary human keratinocytes in the presence of the aneugen paclitaxel ( Supplementary Fig. 8 ). Neither wild-type nor mutant kinastrin significantly altered cell growth or cell cycle kinetics in twodimensional culture (Supplementary Fig. 9 ). However, mutant kinastrin selectively enhanced tumorigenesis in a mouse model of human Ras-driven SCC, resulting in a threefold increase in tumor weight in comparison to control tumors driven by Ras and Cdk4, along with an associated 53.7% increase in the mitotic index ( Fig. 2d-f ). Ser24Phe kinastrin thus disrupts sister chromatid cohesion, is associated with increased tumor aneuploidy and augments oncogene-driven tumor growth in vivo.
Here we identify what are, to our knowledge, the first cancerassociated missense mutations in KNSTRN with dominant, protumori genic consequences. The clustered distribution of KNSTRN mutations in skin cancer, their annotation as heterozygous events by allele frequency and the ability of mutant KNSTRN to enhance tumorigenesis all suggest that KNSTRN might be a previously unrecognized oncogene in human cancer. This possibility is consistent with results from a recently developed modeling algorithm predicting that KNSTRN is 14.3 times more likely to be an oncogene than a tumor suppressor 6 . Although our whole-genome copy number analysis did not detect deletions in KNSTRN, we do note that the gene appears to be lost in a subset of human cancers. Interrogation of GISTIC analyses performed on the TCGA Pan-Cancer data set 7 showed that KNSTRN was not located within a focal peak region of deletion in the aggregated collection of 4,934 primary tumors representing 11 cancer types. Moreover, closer examination of regions annotated as having KNSTRN loss in the Catalogue of Somatic Mutations in Cancer (COSMIC) and TCGA databases showed that nearly all (>99%) were part of a larger locus that included genes with established tumor-suppressive roles, making it difficult to specifically attribute tumorigenic activity to KNSTRN loss in these contexts. We further note that, although several 
SCCs were found to contain more than one KNSTRN mutation, this observation might relate to intratumoral heterogeneity. Consistent with this idea, we also observed multiple independent PIK3CA and BRAF mutations within the same tumor in a subset of the SCCs we analyzed.
Our data support a model wherein mutant KNSTRN disrupts the chromatid cohesion required for faithful cellular replication, driving cells toward aneuploidy and culminating in tumor development. A systematic search of all sequenced genes for mutations that might co-occur or be mutually exclusive with KNSTRN mutations did not identify any statistically significant pairings to provide initial mechanistic insight, perhaps owing to the limited scope of this gene set (Supplementary Table 7 ). Detection of KNSTRN mutation encoding p.Ser24Phe in actinic keratoses, which are known to be aneuploid 8 and frequently exhibit TP53 mutations 9 that may permit escape from cell cycle arrest and/or apoptosis, is consistent with this model of tumorigenesis and demonstrates that the UV signature-associated hotspot mutation encoding p.Ser24Phe occurs early during the progression of skin cancer precursors to frank carcinoma. The presence of KNSTRN mutation encoding p.Ser24Phe at comparable frequencies in actinic keratoses and SCCs is notably reminiscent of other early events in SCC tumorigenesis, such as mutational inactivation of TP53 (ref. 10). Clinically, our findings imply that tumors with KNSTRN mutation encoding p.Ser24Phe or similar dominant mutations might be more prone to aneuploidy, and the presence of this mutation might therefore predict aggressive tumor behavior with potential implications for disease-specific survival. Further exploration of how cancerspecific mutations in KNSTRN contribute to tumor development seems to be warranted.
MeTHodS
Methods and any associated references are available in the online version of the paper. 
b r i e f c o m m u n i c a t i o n s npg oNLINe MeTHodS
Tumor tissues. Cutaneous SCCs and case-matched normal adjacent skin samples as well as actinic keratoses were collected under a protocol approved by the Institutional Review Board at Stanford University Medical Center. Individuals donating fresh surgical tissue provided informed consent. The archived specimens used fall under exemption 4. All diagnoses were verified by histological review. Samples with heavy neutrophilic infiltrate or widespread necrosis were excluded. Each SCC used for allelic discrimination contained ≥80% tumor tissue (US Biomax). Genomic DNA was isolated from all specimens using the DNeasy Blood and Tissue kit (Qiagen). A sample size of 100 was selected to approximate the number of cases needed to adequately represent this malignancy in the absence of prespecified mutation frequencies.
Cells and cell lines. Primary human keratinocytes were isolated from fresh surgical specimens and grown in a 1:1 mixture of KSF-M (Gibco) and Medium 154 for keratinocytes (Gibco), supplemented with epidermal growth factor (EGF) and bovine pituitary extract (BPE). Keratinocyte differentiation was induced in vitro by introducing 1.2 mM calcium to the medium and then growing the cells at full confluence for up to 5 d. The human SCC cell lines SCC-12B.2 and SCC-13 (a generous gift from J.G. Rheinwald, Dana-Farber/ Harvard Cancer Center) were cultured in DMEM (Gibco) supplemented with 20% bovine calf serum and 0.4 µg/ml hydrocortisone and KSF-M supplemented with 25 µg/ml BPE, 0.2 ng/ml EGF and 0.3 mM CaCl 2 , respectively. The human SCC cell lines A431, CAL-27 and SCC-25 were obtained from the American Type Culture Collection and grown in DMEM supplemented with 10% FBS. All cells were grown at 37 °C in a humidified chamber with 5% CO 2 . All cell lines were negative for mycoplasma with MycoAlert (Lonza) immediately before use.
Library preparation and sequencing. Sequencing libraries were prepared with the Ovation Ultralow kit (NuGEN) using 50-100 ng of genomic DNA as input. Libraries were barcoded and pooled, and exon enrichment was then performed using a custom-designed capture measuring 1.4 Mb (SeqCap EZ Choice, NimbleGen). Enriched libraries were sequenced with the Illumina HiSeq platform with 101-bp paired-end reads.
Selection of targeted sequencing genes. To prioritize candidates for targeted exome sequencing, genes containing somatic mutations by whole-exome sequencing were first filtered for expression in primary human keratinocytes 11 . Genes with somatic mutations distinct from established SNP positions (dbSNP Build 137), occurring in COSMIC cancer census genes and for which variants were predicted to be damaging 12 were assigned a higher priority, as were genes observed to be mutated recurrently. Genes not known to be causally implicated in cancer that were mutated in ≥2 of the 12 non-SCC exomes sequenced in parallel were removed from further analysis to minimize the likelihood of studying a non-pathogenic SNP or a sequencing artifact.
SNV analysis. Paired-end alignment was performed with the Burrows-Wheeler Aligner (BWA) 13 to the hg19 reference using default parameters. SNV calling was performed with the Genome Analysis Toolkit (GATK) 14 , VarScan 15 and SeqGene 16 . GATK was run following Best Practices v3 for exomes, using Indel Realignment, the Unified Genotyper, the Variant Quality Score Recalibrator and Variant Filtration as recommended 17 . Quality scores of 50 were required for a call, whereas a quality of 10 was accepted for emitting. Recalibration was performed to the 1000 Genomes Project and HapMap 3.3 SNPs provided in the resource bundle. Resequencing analysis was recalibrated to the Mills and 1000 Genomes Project Gold Standard package with a maximum Gaussians parameter of 4. Variants were further filtered for clusters of greater than three SNVs in a 10-bp window. VarScan was run with default parameters. SeqGene was run with a threshold of 0.1 for SNV calling, and all other parameters were default. No minimum threshold was set for the resequencing analysis.
Exome sequencing downstream analysis of GATK-called SNVs was performed on calls in a tranche of 99.0 or better. VarScan and SeqGene results were further filtered for false positives by removing any calls not supported by at least one read in each direction in the exome sequencing analysis. Unequal forward and reverse read distributions (with more than an 80%/20% split) were also removed from analysis. Low-coverage calls (<6 reads) were not held to this standard, but variant calls instead had to comprise at least 20% of the reads at that position.
Resequencing downstream analysis was performed on all acquired mutation calls on the basis of the genotype designated by the SNV caller. It was further required that the SCC samples contain ≥2-fold enrichment of reads supporting the mutation in comparison to the control samples. For cell lines, a minimum variant allele frequency of 0.1 was required. Annotations to all mutation calls were performed with SeattleSeq 18 .
Allelic discrimination. Probe sets and primers for wild-type KNSTRN and KNSTRN encoding p.Ser24Phe were custom designed (Custom TaqMan SNP Genotyping Assay Mix). Reactions were performed in triplicate with TaqMan Universal PCR Master Mix (Applied Biosystems).
Immunofluorescence and immunohistochemistry. Site-directed mutagenesis was performed on isoform 3 (NM_001142762) of KNSTRN, which was then cloned into the LZRS retroviral backbone for transduction into primary keratinocytes. For transduction into SCC-13 cells, KNSTRN was cloned into the pLEX lentiviral backbone with a sequence encoding a Flag-HA-poly(His) tag at the N terminus. Protein blotting was performed to confirm overexpression of kinastrin (Abcam, ab122769; 1:1,000 dilution), Cdk4 (clone h-303, Santa Cruz Biotechnology, sc-749; 1:1,000 dilution) and Ras (clone c-20, Santa Cruz Biotechnology, sc-520; 1:1,000 dilution), and equivalent loading was verified with antibody to β-actin (Sigma). Kinastrin staining (1:50 dilution; Abcam, ab122769) was performed on a skin cancer and normal tissue microarray (Biomax). Ki-67 staining (1:200 dilution; Dako, M7240) was performed on mouse xenograft tumors.
Chromosome spreads. Primary human keratinocytes transduced to express LacZ, wild-type kinastrin or Ser24Phe kinastrin were grown in medium containing 100 ng/ml nocodazole (Sigma) for 12 h. Mitotic cells were selected by brief trypsinization followed by shaking off. Cells were resuspended in 75 mM KCl and cytospun onto glass coverslips with a cytocentrifuge (Shandon Cytospin 4). The resulting spreads were washed with KCM buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl (pH 8.0), 0.5 mM EDTA and 0.1% Triton X-100), permeabilized in KCM buffer with 0.5% Triton X-100, stained with antibodies to CenpA and CenpB (a gift from the Straight laboratory at Stanford University; 1:1,000 and 1:500 dilution, respectively), fixed in 3.7% formaldehyde in KCM and stained with Hoechst (10 µg/ml). The investigator was blinded to the identities of the experimental groups during centromere quantification.
Imaging. Images were collected in a z stack using an Olympus IX70 microscope and Softworx software (Applied Precision). The final images shown are maximum-intensity projections of deconvolved z stacks.
Copy number analysis. Genomic DNA purified from ten fresh primary SCCs was interrogated using Affymetrix OncoScan arrays (v3) according to the manufacturer's instructions. Chromosomal gains and losses were identified using Nexus Express software.
Flow cytometry. Primary human keratinocytes transduced to express dominant-negative p53 (Arg248Trp) as well as LacZ, wild-type kinastrin or Ser24Phe kinastrin were grown in medium containing 5 nM Taxol (Sigma) for 68 h, fixed in ethanol for at least 2 h at room temperature and stained for npg
